We describe a model to study the effects of polymorphonuclear leukocyte (PMN) transmigration on the intestinal epithelial barrier. Human PMN were induced to transmigrate across high resistance monolayers of a cultured human intestinal epithelial cell line (T84 cells) by chemotactic gradients produced by formyl methionyl leucyl phenylalanine (FMLP). With maximal transmigration monolayer resistance decreased by 48±12.6% in 15 min and by 83±1.6% in 60 min. This response was dependent on the size of the FMLP gradient and the density of PMN transmigration. The decrease in resistance correlated with number of PMN migrating across monolayers, and was accompanied by increases in flux of paracellular tracers. Macromolecular tracer studies localized the leak sites to foci at which PMN impaled the epithelium. Removal of the chemotactic gradient led to restoration of baseline resistance within 18 h. PMN transmigration across intestinal epithelial monolayers occurs via intercellular occluding junctions and may be associated with a reversible increase in epithelial permeability.
Introduction
Migration of polymorphonuclear leukocytes (PMN) across intestinal epithelium occurs in a variety of idiopathic and infectious inflammatory diseases afflicting the small intestine and colon. This histologic finding, which may lead to the accumulation of neutrophilic exudate within dilated crypts (crypt abscesses), is utilized by pathologists to determine the degree of "activity" of the inflammatory process (1, 2). Mucosal preparations from patients with inflammatory bowel disease may show decreased epithelial barrier function, as assessed by resistance measurements, even in the absence of detectable ulceration (3) . This decrease in epithelial barrier function in inflammatory diseases is probably due to the additive effects of many interwoven events. One factor that might contribute to intestinal epithelial barrier dysfunction is the impalement of the epithelium by transmigrating PMN. In these experiments, we have utilized electrophysiologic, morphologic, and tracer techniques to examine the effects of human PMN transmigration on the barrier function of monolayers composed of human Address reprint requests to Dr. Nash, Department of Pathology, Brigham and Women's Hospital, 75 Francis Street, Boston, MA 02115.
Receivedfor publication 4 March 1987 and in revisedform 4 May 1987. intestinal epithelial cells (Tff cells). We have previously shown that these monolayers exhibit stable, high resistance to passive ion flow and consist of confluent polarized columnar cells (4, 5) . Our current studies show that in the presence ofan optimal transepithelial chemotactic gradient, substantial PMN transmigration across this epithelium is accompanied by large, but reversible, barrier defects. In contrast, in the presence ofonly a small number of transmigrating PMN, the epithelium exhibits a remarkable ability to maintain barrier integrity. This system may serve as a useful model of intestinal inflammation, in which interactions between epithelial cells and inflammatory cells, such as PMN, can be better characterized.
Methods
Cell culture. T84 cells were passaged and grown on 1.98 cm2 ring mounted, collagen coated, permeable supports after the method of Dharmsathaphorn as previously described (4) (5) (6) . 200 monolayers composed ofcells from passages 16-47 were used in these experiments. Transepithelial resistances developed by these monolayers varied between 200 and 2,400 ohms cm2 with the majority being > 500 ohms cm'. We intentionally utilized monolayers with variable resistances, since others have suggested that the density of chemotactic migration of PMN across epithelial monolayers may be directly affected by the baseline resistance of the monolayer (7, 8) . Since our experimental system allows us to record serial resistance readings from individual monolayers (see below), we were directly able to test this hypothesis.
We also utilized 12 monolayers of a high resistance Madin-Darby canine kidney (MDCK)' cell line to determine whether the major findings of this study were restricted to T84 intestinal monolayers, or were more broadly applicable. MDCK monolayers were grown in Dulbecco-Vogt modified Eagle's medium supplemented with 1% penicillin-streptomycin, 1% glutamine and 10% fetal calf serum, pH 7.4.
Subcultures and monolayers were made as for T& cells. These monolayers developed resistances ranging from 536 ohms cm2 to 1,834 ohms cm2 with a mean of 1,128 ohms cm2.
PMN isolation. PMN were routinely isolated from anticoagulated (sodium citrate 13.2 g, dextrose 1 1.2 g, in 500 ml water, pH 6.5) whole blood collected by venipuncture from normal donors ofboth sexes (9) . The PMN collection procedure was approved by the Brigham and Women's Hospital Human Subjects Committee (protocol 85-1465-1). Platelet-rich plasma was removed after centrifugation (1,000 g, 3 min) and the cell pellet diluted 1:3 with Hanks' balanced salt solution with-Induction of PMN transmigration. Ring-mounted monolayers were elevated on glass beads in plastic tissue-culture wells to allow mixing of solution under the ring-monolayer assembly. Monolayers were oriented such that the apical ("mucosal") aspect ofthe cells faced the upper compartment. PMN were suspended in a final volume of 1 ml and applied to the apical surface of monolayers and chemotactic gradients were established across monolayers by adding N-formylmethionyl-leucyl-phenylalaline (FMLP) (Sigma Chemical Co., St. Louis, MO) to the basal ("serosal") compartment. Incubation was carried out at 370C in a 95% air/5% CO2 atmosphere.
To determine if the functional effects of PMN transmigration on epithelial barrier function were reversible, we removed the chemotactic gradient in a subset of experiments and allowed recovery to occur for varying time periods.
To determine if the effects of PMN transmigration on epithelial barrier function were independent ofthe direction ofPMN movement we reversed the direction ofthe chemotactic gradient by adding FMLP 10-7 M to the apical compartment of those monolayers that had been used for the resealing experiments. Resistance measurements were made after incubation of monolayers at 370C for 1 h.
Ussing chamber studies. Transepithelial resistance of Tg4 monolayers was determined in low turbulence Ussing chambers, modified to accept ring-mounted monolayers as previously described (4) (5) (6) . Each reservoir was connected via agar bridges to voltage sensitive calomel electrodes and to Ag-AgCl current passing electrodes. Voltage deflections elicited by the passage of 100 uA current pulses were used to determine transepithelial resistance. We have previously determined that the current voltage relationship is linear up to the 100 MA range (data not shown). After equilibration, resistance was measured and recorded as the absolute resistance minus the fluid resistance. The resistance of the collagen-coated filter (Nuclepore Corp., Pleasanton, CA) (< 3 ohms cm2) was neglected. In a set ofcontrol Tg, monolayers, we determined that we could serially remove and reinsert monolayers into Ussing chambers without affecting baseline resistance (see Results). We were thus able to take initial and post experimental resistance readings on the same monolayer. Other data (see Results) verified that experimentally modified barrier function does not change for at least 4 h after removal of experimental conditions. Therefore, it was appropriate to obtain functional data (resistance response) on experimental tissues by such Ussing chamber studies.
Transepithelial flux rates of mannitol and inulin were carried out on Tg4 monolayers under experimental conditions and compared with flux rates obtained from control monolayers of comparable baseline resistance as previously described (4). Morphologic techniques. At the end of experiments, portions of monolayers were processed for thick and thin sections and for freeze fracture as previously described (4, 5) . Half of most monolayers was utilized to quantitate PMN transmigration (chemotaxis assay, see below).
Horseradish peroxidase (HRP), (Sigma type 2; 40,000 molecular weight), was used to assess the permeability of occluding junctions to macromolecules. HRP 0.5% in tissue culture fluid was applied to the apical aspect of experimental and control monolayers for the last 20 min of hour-long chemotaxis experiments. Control monolayers had either no FMLP in the basal compartment with PMN on the apical side or, alternatively, no FMLP in the basal compartment and also no PMN in the apical compartment. Tissues were removed from the chemotaxis chambers, fixed and processed for peroxidase localization (10) We excluded the possibility that significant numbers of transmigrating PMN may migrate through Nuclepore filters into the serosal compartment by performing PMN counts on the fluid from this compartment. Fluid from the serosal compartment was aspirated, spun down, and resuspended in 100 lambda of tissue culture fluid. Cell counts were attempted using a hemocytometer, and no PMN were present in this compartment (n = 14).
Statistical methods. Functional and numerical morphologic data were expressed as means and SEMs for each experimental and control group, respectively. Statistical differences between groups were determined by Student's t test. The relationship between baseline resistances and resistance and chemotactic responses was determined by linear regression.
Results
Monolayers that were removed from and reinserted into Ussing chambers at intervals of 15-60 min, maintained resistance values similar to their own baseline value (decrease of 7±4.21% with reinsertion). Thus, in all experiments, each monolayer could reasonably serve as its own control, and resistance readings were recorded before and after PMN transmigration.
FMLP dose response. Dose-response studies were carried out for 2 h with varying concentrations of FMLP added to the basal compartment and 107 PMN added to the apical compartment of the monolayers. Maximal resistance and chemotactic responses occurred with gradients of 10-M to l0-7 M FMLP (96.8±2.22% and 81.2±15.0% resistance fall, respectively; and 13.2±2.7 X 104/cm2 and 13.0±16.8 X 104/cm2 PMN chemotactic response, respectively, Fig. 1 ). Higher or lower concentrations of FMLP diminished both responses. Furthermore, the resistance response correlated well with the chemotactic response (r = 0.96, Fig. 2 ). When data from individual monolayers were analyzed, it became clear that ablation of monolayer resistance (decrease of > 90%) occurred when the number of transmigrating PMN reached a density of approximately 10 X 104 PMN/cm2 (Fig. 3) .
PMN dose response. PMN dose-response studies were also carried out by varying the number of PMN applied to the apical surface of the Tg4 monolayers in the presence of a standard FMLP concentration in the basal compartment (10-7 M) . A large resistance response (83.6±1.6% decline) was achieved with 107 PMN (Fig. 4) . This represented an initial PMN:T84 cell ratio of 10:1 and produced a chemotactic response of 13.4±1.06 X 104 PMN/cm2 (Fig. 4) . Lower concentrations of PMN lead to lesser resistance and chemotactic responses and 103 PMN in the apical compartment (PMN:T84 ratio of 1:1,000) produced neither resistance nor chemotactic responses (Fig. 4) . Mannitol-inulinflux. To better characterize the size of the epithelial barrier defect produced by transmigration of PMN through T84 monolayers, we performed transepithelial mannitol and inulin flux studies on monolayers incubated for 1 h with 107 PMN on the apical surface in the presence of a transepithelial chemotactic gradient of 10-7 M FMLP. Results were compared to those obtained from studies performed on control monolayers. The latter were matched to experimental monolayers for baseline resistance. As shown in Table I Fig. 7 , a large resistance response was obtained confirming that the effects of PMN transmigration also occur when PMN trapped in the subepithelial spaces of monolayers were allowed to remigrate into the apical compartment (i.e., from serosal to mucosal direction). Effect of epithelial permeability on PMN transmigration.
Others have reasonably proposed that the degree of PMN chemotaxis that occurs across an epithelium would be in part determined by the resistance ofthat epithelium since gradients of chemotactic agents might be better detected if junctions were more permeable (7, 8) . resistances and resistance response were r = -0.2; r = 0.16, and r =-0.3, respectively. In experiments run for 1, 0.5, and 0.25 h, the correlation coefficients between baseline resistance and chemotactic response were r = -0.2, r = -0.3, and r = -0.2. Thus, both resistance response (on a basis of percentage of baseline value) and chemotactic response are independent of the baseline resistance values of any given monolayer.
Effiects ofchemokinesis on the epithelial barrier. To determine whether the apparent effects of PMN transmigration on monolayer permeability could be due, in part, to FMLP-elicited enhanced random migration (i.e., chemokinesis) of PMN rather than chemotaxis, we incubated six monolayers with both FMLP l0-7 M and 107 PMN on the apical surface (i.e., no FMLP gradient) for 1 h and measured resistance and chemotactic responses occurring under such conditions. The results ( Fig. 8) indicate that these conditions produced only trivial differences from controls in both resistance and chemotactic responses. Such results from experiments in which PMN and FMLP were incubated together while overlying Ts~mono-layers also indicate that the resistance response observed during chemotaxis is not due to FMILP-stimulated release of PMN secretory products.
Effect ofpreexposing monolayers to FMLP. To rule out the possibility that FMLP gradients induced alterations in epithe- (Fig. 9) . The density of transmigrated PMN progressively increased with time and by 1 h 60-90% of the monolayer surface was densely stained (Fig. 9 b, c) Chemnotoxis Chremohinesis Analysis of thin sections confirmed the presence of clusters of PMN both under the monolayer and within the monolayer in the subjunctional space. When PMN were captured in the process of migrating across the junction (Fig. 11) , they appeared to do so by extending thin cytoplasmic pseudopods across the occluding junction and separating adjacent T84 cells. When clusters of 4-10 PMN were identified in a transjunctional location (Fig. 12) , there was close apposition between cell membranes of T84 cells and PMN. Both cell types interdigitated by means of cytoplasmic pseudopodia. Alterations in the cytoskeleton of both T84 cells and PMN were present at sites of intimate contact between the plasma membranes of these two cell types. These cytoskeletal alterations consisted chiefly of a dense cortex of intermediate and microfilaments adjacent to the plasma membranes (Fig. 12, inset) .
In horseradish peroxidase (HRP) experiments, tracer was applied to the apical surface for the last 20 min of standard hour-long experiments (I07 PMN apical with a FMLP gradient of 10-' M). The latter allowed us to detect sites of transjunctional permeation since paracellular spaces underlying such sites would be labeled with tracer. In eight experimental monolayers, HRP leaks appeared to be preferentially associated with foci oftransmigrating PMN (Fig. 13 A) . At other sites containing subjunctional PMN, HRP labeled the paracellular spaces but was generally excluded at the level of the occluding junction (Fig. 13 B) . These findings support the proposal that enhanced permeability is attributable to a subset of junctions that are being actively invaded by PMN. Comparable HRP leaks were generally not present in control monolayers although in one control monolayer paracellular labeling did occur that is unexplained. We also examined T84 occluding junction fine structure using the freeze fracture technique. Occluding junction morphology, as assessed by freeze fracture, was indistinguishable between control and experimental monolayers indicating that junctional abnormalities, if present, are highly focal. (We have previously described T84 cell tight junction structure in detail [4] In contrast to the major resistance effects which, given the nature of this parameter, might be produced by focal (4, 12) permeability abnormalities, measurement of the transjunctional flux of the paracellular tracers mannitol and inulin showed only threefold increases. Given the magnitude of the epithelial impalement by PMN, it would not have been surprising if fluxes of these markers had been much greater. For instance, mechanical disruption of only 10% of the epithelial cells in an otherwise unmanipulated monolayer caused mannitol and inulin fluxes to increase 10-fold. Hence it appears that under conditions producing dense PMN transmigration and substantial resistance decreases, junctional permeability defects at any given time may be highly focal. Further evidence for this conclusion include the fact that (a) we were unable to detect structural abnormalities in occluding junctions using freeze fracture techniques; (b) HRP tracer studies demonstrate that although macromolecular permeability defects in the junctional barrier do exist, they are confined to foci with transmigrating PMN; and (c) mannitol and inulin permeabilities are not differentially enhanced in accordance with their differing molecular dimensions.
Such presumptive focal defects in the junctional permeability barrier seen with dense PMN In patients with intestinal inflammatory diseases, PMN epithelial transmigration may be used as a structural marker to judge the severity of disease activity (1, 2). Often, but not exclusively, PMN migrate across crypt epithelium and the accumulation of these cells in the crypt lumen represents the classic "crypt abscess" (1, 2) . Such directional movement of PMN implies the presence of a chemotactic gradient, and indeed chemotactic factors have been identified in the stool of patients with ulcerative colitis (15) and chemotactic peptides, specifically FMLP are known to be synthesized and released by bacteria such as Escherichia coli (16) . We have reviewed slides from biopsies and resected specimens of patients with inflammatory bowel disease and counted the number oftransmigrated PMN/number of crypt epithelial cells. Such analysis shows that ratios of at least 1:1 are achieved in crypt abscesses. This would correspond to a PMN transmigration density of 106 PMN/cm2 of crypt epithelium and would thus be within the range at which we observe maximal alterations in permeability. We speculate that the increased intestinal permeability described in patients with active inflammatory bowel disease (3) might, at least in part, result from PMN transmigration.
Appendix
Calculation ofthe volume (V) of "pores" in the intercellular occluding junctions of our monolayers. (i) This pore volume may be viewed as being equivalent to the volume of Ringer's solution present in the pores and can be calculated using Ohm's law for an electrolytic conductor R = Lp/A (17). R = 1,100 ohm cm2 (mean resistance of monolayers used in experiments with 101 PMN). L = 0.5 AM (depth of junctional pores at the level of the intercellular occluding junction (4). p = 54 ohm cm (specific resistivity of our Ringer's solution). In experiments in which 101 PMN were used, chemotactic response showed 1,000 PMN had crossed the T84 cell junctions (Fig. 4) . After Conclusion. Observed resistance of monolayers used in experiments with 101 PMN after passage of 1,000 PMN shows only a 5% fall from a baseline of 1,100 ohm cm2 (Fig. 4) , whereas by the above calculation it should be 260 ohm. Hence, in order to maintain monolayer resistance of about 1,045 ohm cm2 after passage of 1,000 PMN, rapid resealing of PMN impalement sites must occur.
